The yellow gene family is intriguing for a number of reasons. To date, yellow-like genes have only been identified in insect species and a number of bacteria. The function of the yellows is largely unknown, although a few have been associated with melanization and behavior in Drosophila, and a unique clade of genes from Apis mellifera may be involved in caste specification. Here, we show that yellow-like sequences are present in bacteria, insects, and fungi but absent from other eukaryotes apart from isolated putative sequences in Amphioxus, the Salmon Louse, and Naegleria. The yellow-like family forms a discrete gene class characterized by the presence of a major royal jelly protein domain, but eukaryote yellow-like proteins are not monophyletic. The unusual phylogenetic distribution of yellow-like sequences suggests either multiple horizontal transfer from bacteria into eukaryotes or extensive gene loss in eukaryote lineages. Comparative analysis of yellow family synteny and gene order demonstrates that a highly conserved block of three to five genes has been maintained throughout insect diversification despite extensive genome rearrangements. We show strong purifying selection on seven yellow genes over approximately 100 My separating the silkmoth and Heliconius butterflies and an association between spatial regulation of gene expression and distribution of melanic pigment in the developing butterfly wing. A single ancestral yellow-like gene has therefore undergone multiple rounds of duplication within the insects accompanied by functional constraint on both genomic location and protein evolution.
Introduction
The yellow gene family is perhaps one of the most enigmatic families so far discovered. The first gene characterized (''yellow'') was identified by the abnormal yellow phenotype of the adult cuticle and larval mouthparts of Drosophila melanogaster, suggesting that the gene is involved in the synthesis of melanic pigment (Brehme 1941; Biessmann 1985) . It is now known that genetic changes at the yellow locus of Drosophila underlie shifts in melanic pigmentation of the wings, abdomen and thorax, and behavior (Wittkopp, True, et al. 2002; Wittkopp, Vaccaro, et al. 2002; Drapeau et al. 2003; Gompel et al. 2005; Prud'homme et al. 2006) .
Despite a clear phenotype, the discovery of genetic control by the sex determination pathway (Radovic et al. 2002) and genetic dissection of the locus itself (Gompel et al. 2005; Drapeau, Cyran, et al. 2006) , the mechanism by which yellow influences melanization is not clear. One hypothesis is that yellow acts enzymatically in the generation of melanin (Wittkopp, True, et al. 2002) , but the protein lacks dopachrome conversion activity in vitro, suggesting that it is not directly involved in the generation of melanic pigment (Han et al. 2002) . Alternative suggestions are that the yellow product functions in a hormone-like manner analogous to the action of a-melanocyte-stimulating hormone (MSH) in the vertebrate pigmentation system (Drapeau 2003) or that it is secreted from epidermal cells and acts to cross-link a derivative of dopamine (Geyer et al. 1986) .
With the advent of expressed sequence tag (EST) and whole-genome sequencing projects, a number of yellowlike genes were identified from the honeybee, Apis mellifera. Ten genes have now been identified and include a clade of genes termed the major royal jelly proteins (MRJPs; here yellow-MRJPs) (Schmitzova et al. 1998; Albert and Klaudiny 2004; Drapeau, Albert, et al. 2006) . These proteins are found in high concentration in royal jelly, the substance fed to those larval bees that develop into queens (Schmitzova et al. 1998; Santos et al. 2005) . Queen bees differ from workers in multiple aspects of life history such as longevity, size, and reproductive success. Recently, it has been demonstrated that the royal jelly phenotype is likely to result from genome-wide epigenetic reprogramming via DNA methylation, leading to divergent patterns of gene expression and tissue development (Kucharski et al. 2008) . Yellow-MRJPs have also been isolated from the honeybee brain; venom glands; and larval, pupal, and adult tissues, suggesting that as with the other yellow family members, the yellow-MRJPs have multifunctional, context-dependent roles in development (Kucharski et al. 1998; Peiren et al. 2005 Peiren et al. , 2008 Drapeau, Albert, et al. 2006) . Interestingly, a yellow-MRJP-like clade has recently been identified from the genome of the solitary wasp Nasonia vitripennis. Phylogenetic analysis indicates that the two hymenopteran clades have independent origins, however, and the function of the Nasonia yellow-MRJPs is not currently known (Werren et al. 2010) .
Seven yellow-like genes have been identified from the silkmoth Bombyx mori (Xia et al. 2006 ), 14 from the flour beetle Tribolium castaneum (Arakane et al. 2010) , 25 from Nasonia (Werren et al. 2010) , and an additional 13 from D. melanogaster (Maleszka and Kucharski 2000; Drapeau 2001 ). In addition to a core set of yellows identified across insect species, there are also orphan sequences that are candidates for lineage-specific gene duplication. The role of these genes is also largely unknown, but D. melanogaster yellow-f and yellow-f2 have both been shown to have enzymatic dopachrome conversion activity, which is likely to be required for the formation of melanic pigment (Han et al. 2002) . A role in melanization may be conserved across several yellow family members, as yellow-e expression has recently been associated with pigmentation of Bombyx larval head and tail spots (Ito et al. 2010) .
Interestingly, yellow-like genes have only been identified within insects and a number of bacterial species (Maleszka and Kucharski 2000; Drapeau, Albert, et al. 2006 ). This phylogenetic distribution has led to speculation that 1) the yellow gene family is ancient and has been lost from multiple animal lineages, 2) the bacterial proteins have arisen by gene transfer from insects (Drapeau, Albert, et al. 2006) , or 3) the insects acquired their genes from bacteria (Maleszka R, personal communication; Maleszka 2007) . All yellows are characterized by a conserved region, the MRJP domain, and share a hydrophobic sequence at their N-terminal that may function as a signal peptide. Otherwise, there is little conservation of protein sequence; for example, A. mellifera has an average of only 22% amino acid identity between its yellow-like genes ( fig. 1) .
The evolutionary history of the yellow family is unclear as the Apis, Drosophila, Tribolium, and Bombyx yellow-like genes have not been combined in a single phylogenetic framework; there is no known functional conservation of yellow-like genes; and there is little data from which to infer the origin of the gene family. We therefore sought to examine the evolutionary history of the insect yellow family and determine whether further yellow-like proteins may be associated with the production of melanic pigment on the developing wings of Heliconius butterflies. We demonstrate that yellow-like genes can be identified from the insects, bacteria, fungi, and three noninsect eukaryotes. The history of the insect yellow gene family is characterized by diversification following duplication but both the location and the protein sequence of at least some family members has been highly constrained. We find novel associations between yellow family expression and pigmentation on the developing wings of Heliconius butterflies, suggesting that interactions with the melanization/sclerotization pathway may be conserved between several yellow family members.
Materials and Methods

Identification of Insect Yellow Family Genes
We performed a number of search strategies in order to increase the likelihood of identifying yellow-like genes from diverse organisms. All searches were carried out between May 2009 and April 2010.
From All Taxa
Pilot analysis indicated that the insect gene most closely related to noninsect yellow-like genes was A. mellifera yellow-x1. Therefore, position specific iterative (PSI)-Blast was carried out against the NCBI nonredundant protein database using the conceptual translation of Apis yellowx1, an expect value of 1 and a psi iteration of 0.001. A total of 500 results were chosen for display on the first search, and only insect sequences were selected for use in the second iteration. Thereafter, 1,000 results were shown, and all sequences were selected for subsequent iterations. At each iteration, new sequences above the threshold were extracted, and sequences below the threshold checked for the presence of a predicted MRJP domain, which were used to define the yellow gene family identity. An additional PSIBlast search was carried out against eukaryotes only to confirm that all eukaryotic sequences had been identified. This search converged after three iterations and did not generate any new hits.
Where noninsect eukaryotic sequences were identified, the relevant genomes were also subjected to BlastP against the predicted protein sets and analysis of intron-exon structures of the predicted genes (amoeboflagellate: Naegleria gruberi, 
From Nonarthropod Eukaryotes
Blast searches were carried out against the predicted protein sets and genomes of Nematostella vectensis (Putnam et al. 2007 ), Ciona intestinalis (Dehal et al. 2002) , Caenorhabditis briggsae (Stein et al. 2003) , Schmidtea mediterranea (Robb et al. 2008) , Lottia gigantean (JGI), and Capitella capitata (JGI) using all 20 Apis yellow-like proteins including the yellow-MRJPs (BlastP and tBlastN, respectively). The annotation files of all Blast hits against predicted proteins and those below a threshold of e 5 0.01 for genomic sequence were searched using the conserved domains database (CDD) (Marchler-Bauer et al. 2009 ) for the presence of a predicted MRJP domain. Additional tBlastN/BlastP searches were carried out against the genomic sequence and predicted protein sets of Monosiga brevicollis (King et al. 2008) , Capsaspora owczarzaki, Proterospongia sp. ATCC_50818 (Broad Institute), Dictyostelium discoideum (Eichinger et al. 2005) , Acanthamoeba castellanii , Entamoeba histolytica , and the 45þ genomes currently sequenced as part of the Fungal Genome Inititive (Broad Institute) using Apis yellow-x and the relevant genome browsers.
From Non-Heliconius Arthropods Blast searches were carried out against predicted proteins and genomes of Ixodes scapularis, Daphnia pulex (JGI), Acyrthosiphon pisum (Baylor College of Medicine), A. mellifera (Consortium 2006) , T. castaneum (Tribolium Genome Sequencing Consortium et al. 2008) , and B. mori (Xia et al. 2004 ). Searches were initially conducted using yellow family genes from D. melanogaster and were continued in a reciprocal iterative fashion for all species as further sequences were identified. All Blast hits were checked for the presence of an MRJP domain as above. Where necessary, B. mori genome annotation was modified either according to amino acid homology with other insects or by alignment with B. mori EST sequence obtained from GenBank EST database. Genome scaffolds were retrieved from Silkdb and reannotated using Artemis (Carver et al. 2008) . Modified sequences are given in Supplementary Material. Predicted genes from other genomes were not modified.
From Heliconius
Heliconius erato EST (McMillan WO, unpublished data) sequences were identified by using the sequences above to search GenBank EST database using Blast. Transcriptome libraries for developing wing tissue have been developed for two races of H. melpomene (H. m. cythera and H. m. malleti) (Ferguson et al. 2010) and two populations of H. numata from Peru, which differ in their dominant morph (H. n. bicoloratus for pool 1 and H. n. aurora for pool 2; Joron M, unpublished data). Further details of methods used to generate the H. melpomene libraries are given elsewhere (Ferguson et al. 2010) .
Blast searches were carried out against the transcriptome libraries first using H. erato and B. mori sequence and then sequence from the other insects. Finally, Heliconius sequences were also used to search reciprocally against each other. Searches were continued until there were no new hits to any yellow gene. Raw transcript reads with an e-value cutoff ,0.01 were imported into CodonCode (2.0.6, CodonCode Corporation) and aligned to create reference transcripts. Any transcripts that did not align were used in a Blast search of the NCBI protein database to confirm that there was no homology to other yellow genes.
Where there were gaps in the H. melpomene reference FIG. 1 Divergence of Apis yellow genes. Translations of Apis yellow family genes were aligned using ClustalW and show extensive sequence divergence. The CDD predicted MRJP domain is boxed and contains only six invariant positions. Amino acid identity between genes ranged from 12% (yellow-d5 and yellow-g) to 35% (yellow-b and yellow-f; yellow-h and yellow) with a median of 22%.
sequence, primers were designed to span gaps. Polymerase chain reaction (PCR) was carried out with template DNA from the same H. m. malleti cDNA pool used to create the transcriptome library. Translations were inferred from nucleotide sequence, and the putative start codon determined either from conserved sequence length (yellow-x) or from the presence of a large open reading frame (ORF). CDD was used to confirm the presence of an MRJP domain.
Phylogenetic Analysis
Inferred translations of all the 214 genes identified above were aligned using ClustalX to give an alignment of 950 characters. As sequences diverged significantly at their 3# and 5# ends, all sequences were trimmed to correspond to the Apis yellow-x MRJP domain using MacClade 3.0 (Maddison and Maddison 2000) . Positions at which there was only sequence for one species were also removed, resulting in 425 characters for use in phylogenetic analysis. The Acyrthosiphon protein XP_001945133 was trimmed to the first methionine, as the protein is predicted to be 5# partial, but this methionine is a conserved start site with other insect sequences. P. placenta 128698 was also trimmed to correspond to the 3# end of all other yellow sequences. The evolutionary model that best described protein evolution was determined using ProtTest (Abascal et al. 2005) , and a phylogeny generated using a Whelan and Goldman model in PhyML (Guindon and Gascuel 2003) with alpha 5 2.79, four gamma categories, the number of invariant sites set to zero, and subtree pruning and regrafting tree improvement with five random starting trees. Bootstrap support was calculated as a percentage of 100 replicates, and the tree image generated using TreeExplorer (Tamura 1999 ; http://evolgen.biol.metro-u.ac.jp/TE/TE_ man.html). We also selected the most highly conserved positions in our alignment using Gblocks (Castresana 2000) , and following ProtTest analysis generated a phylogeny using an linkage group (LG) model with alpha 5 1.83 and all other parameters as above. However, even when all Gblocks parameters were relaxed, only 84 sites were selected, and although species relationships were largely the same as those recovered by analysis of the MRJP region, bootstrap support for most nodes was extremely weak as expected from an extremely limited data set (data not shown).
Linkage Mapping
Linkage mapping was carried out using an H. melpomene F2 mapping family (''Brood 33'') described elsewhere (Jiggins et al. 2005; Ferguson et al. 2010) . PCR products were amplified from the genomic DNA of the brood parents and 16 F2 individuals and sequenced. Because there is no recombination in female Lepidoptera (Turner and Sheppard 1975) , maternal alleles can be used to assign a marker to a linkage group (LG) . Recombination between male parental alleles enables the marker to be positioned on the LG. The paternal sequence trace was therefore used to design restriction digest assays that enabled allelic segregation to be scored on agarose gels. Recombinants were also scored from the related F2 broods 36, 43, and 55 that were generated from the same grand-parental cross (Ferguson et al. 2010) . In total, these combined mapping families have 450 individuals, but not all broods were informative for all genes. Recombination events within the yellow gene cluster on H. melpomene LG 15 were confirmed by scoring variable sites directly from sequence traces. Linkage maps were generated using Mapmaker (3.0, Whitehead Institute for Biomedical Research), yellow genes were added to markers published elsewhere (Jiggins et al. 2005; Baxter et al. 2009) , and the ''ripple'' command was executed to confirm the most likely order of all markers.
Tests for Selection on Coding Sequence RNA was extracted from the whole pupal body and wings of a single individual of the following taxa: H. numata euphrasius, H. erato lativitta, H. erato cyrbia, and H. himera as described previously (Ferguson and Jiggins 2009 ). RNA concentration was determined using Nanodrop spectrophometry, and cDNA generated using Bioscript (Bioline). For each yellow family gene, the consensus sequences generated above for H. melpomene, H. erato, and H. numata were aligned and primers designed in conserved regions using Primer3 (Rozen and Skaletsky 2000) . Primers were designed to amplify each gene in three overlapping sections (supplementary tables S7-S9, Supplementary Material online), and the products sequenced in both directions. For each gene in each taxon, a consensus sequence was generated, and variable positions scored using the International Union of Pure and Applied Chemistry ambiguity codes. Nucleotide sequences were then aligned with those from H. melpomene and B. mori using ClustalW, and the maximum informative region was used to determine the ratio of nonsynonymous substitution per nonsynonymous site (dN) to synonymous substitution per synonymous site (dS) (dN/dS 5 x) across a phylogenetic tree of the species using PAML (V. 4.2b, Yang 2007). The tree was specified from an independently derived phylogeny (Beltran et al. 2007 ). For each test, an evolutionary model was specified (e.g., heterogeneous x ratio along a tree branch) and likelihood ratio tests used to compare the fit of different models to the data (Yang 2007) .
Expression of Yellow Family Genes in Developing Wings
A single H. melpomene cythera individual was dissected at each of five pupal stages, and the forewings divided into proximal, band, and distal regions (Ferguson and Jiggins 2009; supplementary fig. S1 , Supplementary Material online). RNA extraction and cDNA synthesis were carried out as above. Primers were designed from H. m. malleti reference transcripts to amplify products of approximately 600 bp. Primers were chosen to maximize specificity relative to other yellow genes. The products were sequenced directly and the sequence traces examined to confirm that only a single product was amplified corresponding to the correct gene copy. PCR was carried out using cDNA at a concentration of 25 ng/ll. Products were run out on 1.5% agarose gels, and for each gene, a product was sequenced to confirm identity.
Results
Identification of Yellow-Like Genes
We carried out a comprehensive search of the nonredundant protein database using PSI-Blast to identify yellow-like sequences from distantly related organisms. We also carried out searches against a wide range of sequenced organisms, which in total covers almost 70 eukaryotic species. Inclusion in the yellow-like family was defined by the presence of a full or partial MRJP domain as predicted by CDD analysis (Marchler-Bauer et al. 2009 ).
Building on previous findings (Maleszka and Kucharski 2000; Drapeau, Albert, et al. 2006 ), we identified yellow-like sequences from 45 species of bacteria in 34 genera, We also identified both ascomycete and basidiomycete fungal sequences as well as those from a large number of insects. Two predicted yellow family genes were identified from the amphioxus genome (Eukaryota: Animalia: Chordata: Cephalochordata: B. floridae), one from an amoeboflagellate genome (Eukaryota: Percolozoa: Heterolobosea: N. gruberi), one from a salmon louse EST (Eukaryota: Animalia: Arthropoda: Crustacea: Maxillopoda: Lepeophtheirus salmonis), and one from a castor oil plant EST (Plantae: Magnoliophyta: Euphorbiaceae: Ricinus communis). No further sequences were identified after seven iterations or in a separate PSI-Blast analysis of only eukaryotes. Accession numbers for sequences used in further analysis are given in supplementary table S1, Supplementary Material online.
Within the insects, we used genomic data to identify 14 previously undescribed yellow-like genes from the pea aphid A. pisum (supplementary table S2, Supplementary Material online) which as an exopterygote forms an evolutionary outgroup to the other previously annotated endopterygote insect sequences. We also verified the genomic location of the seven yellows identified from B. mori ESTs (Xia et al. 2006 ) and located an additional six putative yellow family members (supplementary table S3, Supplementary Material online). In the majority of cases, B. mori published transcripts clearly corresponded to predicted genes, but yellow-fa/fb (renamed below) were found in unannotated regions of unoriented scaffold contigs. The genomic annotation of a number of B. mori yellow-like genes was manually modified to account for B. mori EST sequence and/or homology with Heliconius species (see Supplementary Material for details).
Previously, yellow family gene expression has been linked to insect melanic pigmentation (Wittkopp, Vaccaro, et al. 2002; Xia et al. 2006; Futahashi and Fujiwara 2007) . The Heliconius butterflies display a great diversity of wing patterns that are pigmented with melanins and ommochromes (Nijhout 1991) , making them an excellent system in which to study the relationship between pigmentation and yellow gene family expression. Using recently generated highthroughput wing transcriptome and EST sequences, we identified nine yellow-like transcripts from the developing wings of Heliconius butterflies (supplementary table S4, Supplementary Material online). Partial sequences of all nine genes were found for two H. melpomene races and two H. numata populations, and seven genes for H. erato. H. melpomene sequences were extended through PCR to generate full coding sequence.
Scans for Metazoan Yellow-Like Genes
All 20 Apis yellow-like proteins were used to search the genomic and predicted protein sequence of eight additional noninsect taxa within the Metazoa, representing both nonBilateria (the cnidarian N. vectensis) and Bilateria including Deutrosomia (tunicate C. intestinalis), Ecdysoza (nematode C. briggsae, chelicerate tick I. scapularis, crustacean water flea D. pulex), and Lophotrochozoa (platyhelminth S. mediterranea, mollusc Lottia gigantea, annelid C. capitata). We also used the A. mellifera yellow-x1 protein sequence to search the genomes and predicted protein sets of six outgroups to the Metazoa: M. brevicollis and Proterospongia sp., unicellular choanoflagellates that are closely related to the Metazoa; the amoeboid C. owczarzaki, a member of the Filasterea that forms an outgroup to the animals and chaonoflagellates; and three Amoebozoea (D. discoideum, A. castellanii, and E. histolytica), which form an outgroup to the Opisthokodonts (Animals, Choanoflagellates, Filasterea, and Fungi). Despite searching all Blast hits for the presence of an MRJP domain, we were unable to locate any MRJP-containing protein, and there were no hits to genomic sequence of e , 0.01. We therefore conclude that yellow-like genes are not present in the genomes of these noninsect Metazoa or their basal relatives.
Phylogenetic Analysis
We performed Maximum likelihood phylogenetic analysis using all the noninsect sequences identified above and a subset of the insects: Acyrthosiphon, Apis, Tribolium, Bombyx, the Heliconius, and D. melanogaster.
The majority of insect yellow/yellow-MRJP sequences fell into ten monophyletic clades ( fig. 2) . Support varied, with some clades well resolved (yellow-MRJP, -h, -b, -y [''yellow''], -e, -g), and others less so (yellow-f, -c, -x). Proteins previously annotated as both yellow-d and yellow-e3 in Apis and D. melanogaster fell into a single clade with good support, which should be termed yellow-d. Four genes from Bombyx were found to be highly divergent. Some of these genes have multiple or fragmented MRJP domains (supplementary table S3, Supplementary Material online), and although it is currently not possible to verify the annotation of these genes, all encode OPRs and at least two are expressed, suggesting that the genes may be functional.
The Apis yellow-x1 protein was previously considered to be an orphan (Drapeau, Albert, et al. 2006) , and in a recent analysis of yellow-like genes from Tribolium (Arakane et al. 2010 ), a clade of five genes were identified, which did not have orthologs with D. melanogaster. These five Tribolium genes were found to be related to Apis yellow-x1. It now seems likely that yellow-x genes are present in the genomes of Tribolium, Bombyx, and the Heliconius but may be absent from Acyrthosiphon. D. melanogaster yellow-k was not recovered within any of the ten insect clades, but its location in the tree could suggest that it is a divergent orthologue of yellow-x. Other insect gene losses include yellow-c in Apis and yellow-g from Bombyx and the Heliconius.
Duplications are apparent at multiple levels in the tree and reveal a clear pattern of yellow family expansion associated with insect diversification. Indeed, the phylogeny shows that the yellow, yellow-c, -d, -e, -f, -g, and -h genes were already present prior to divergence of the hemimetabolous (Acyrthosiphon) and holometabolous insects (all others). Most yellows have also undergone additional rounds of duplication in at least one lineage; the most notable case being the entire yellow-MRJP family that was only found in Apis. Multiple duplications of yellow-g are also found in the Acyrthosiphon genome; and there is a duplication of yellow-h in the Lepidoptera (Bombyx and Heliconius). The retention of these duplicates over deep insect divergence suggests that there has been selection for the maintenance of paralogues both at the base of the insects and within individual lineages, despite extensive sequence divergence following duplication ( fig. 1 ).
FIG. 2
The yellow-like gene family. A maximum likelihood phylogeny was generated from conceptually translated protein sequence of all predicted yellow genes from the insects Acyrthosiphon pisum (Ap), Apis mellifera (Am), Tribolium castaneum (Tc), Drosophila melanogaster (Dm), Bombyx mori (Bm), Heliconius erato (He), H. melpomene (Hm), and H. numata (Hn), bacteria, fungi and noninsect eukaryotes (highlighted in dark red) (name format genus-species identifier; see supplementary table S1, Supplementary Material online for full names). Both ascomycete (A) and basidiomycete (B) fungi were included. Where multiple yellow-like genes were identified from a single genome outside the insects, they are indicated with symbols. Branch support values are from 100 bootstrap replicates. Insect and fungal gene clades were defined by previous nomenclature and bootstrap support. Transcripts/genes that have been published on NCBI with a gene name are shown as published, those without are shown with gene (B. mori) or NCBI accession (Acyrthosiphon) numbers as in supplementary tables S1-S3, Supplementary Material online. Please refer to table 1 for reclassification of gene names arising from this analysis.
Duplications are also present in both fungal and bacterial genomes. There was strong support for distinct clades of paralogous genes in the ascomycetes, implying that several duplications were present before the divergence of this group. Two basidiomycete species were closely related to one of the clades, and within the genome of one of these (P. placenta), four yellow-like genes were identified. Duplications in bacterial genomes were also widespread. In some instances, the paralogues were each others' closest relatives, again suggesting ongoing lineage-specific duplication events.
A number of unexpected relationships were identified between phyla. The fungal clades were more closely related to those from bacteria than they were to each other, and were not recovered with the other eukaryotic sequences. Indeed, the sister clade to the animal sequences consisted of a number of bacteria and the single predicted gene from N. gruberi, a eukaryotic ameoboflagellate, which is only distantly related to the opisthokonts. The Geobacillus-''Y4'' protein had only weak support for membership of this bacterial clade and was distantly related to the only other Geobacillus sequence identified by our searches (highlighted in brown, fig. 1 ). Analysis of the bootstrap replicates showed that 43% of the time the Geobacillus-Y4 protein was placed either as the immediate outgroup to the animal yellows or within the insect yellow-x clade.
A small number of noninsect animal yellow-like sequences were identified. There was strong support for monophyly of animal yellows, and although the position of both the amphioxus and salmon louse were somewhat labile, giving low bootstrap support, they were always more closely associated with the insect yellow-x proteins than any other member of the insect yellow family. The amphioxus genes were recovered together in 99% of bootstrap replicates and are likely to be recent duplicates. A castor bean EST sequence (labeled as Ric-commu and highlighted in red on fig. 1 ) was very closely related to proteins from several Burkholderia species and was not associated with any other eukaryote. This sequence almost certainly represents bacterial contamination and will not be discussed further.
In a number of instances, published gene names for the insects were not supported by phylogenetic analysis. Updated nomenclature is therefore given in table 1. A summary of putative gene homology across the insects is given in supplementary table S5, Supplementary Material online. These results highlight the importance of using adequate phylogenetic sampling when ascribing homology to genes in a diverse family.
Genomic Organization of the Yellows
The genomic organization of yellow genes has been studied in Apis with respect to the evolution of the yellow-MRJP genes (Drapeau, Albert, et al. 2006) . Drapeau et al. report that within an 883 kb scaffold, the yellow-g, -g2, -e, -e3 (here renamed -d), -h, and all ten yellow-MRJPs (yellow-MRJP1-9 plus one pseudogene) are found in tandem array. The yellow-MRJPs are located between yellow-e3/d and yellowh. Here, we show that this gene order has been conserved between Apis, Tribolium and Bombyx ( fig. 3 ). Outside this cluster of genes, there was no apparent synteny between the genomes examined (gray boxes, fig. 3 ). Indeed, only one gene showed homology between Bombyx and Apis, and even within the yellows cluster, a number of nonhomologous genes were present in each species. The Acyrthosiphon genome has not been assembled, but yellows-g and -e are found at one end of contig EQ113792. Another yellow-glike gene is found next to yellow-e, and although in the opposite orientation is unlikely to be the homologue of yellow-g2 from other species due to its position in the phylogeny ( fig. 2 ). The yellow-d genes are also present as tandem duplicates at the end of a small contig, therefore, it is likely that when the Acyrthosiphon chromosome is assembled the yellow-g, -e, and -d genes also will be syntenic.
The Heliconius do not currently have a sequenced genome, so the location of the Heliconius yellow family genes was determined by recombinational linkage mapping in H. melpomene. The yellow gene was mapped to LG 17, yellow-f4 to LG 6, yellow-b to LG 12, and yellow-c to LG 13. The remaining five yellows (-d, -e, -h2, -h3, and -x) were all mapped to LG 15 (supplementary table S4, Supplementary Material online), and as in other species, all except yellow-x were tightly linked ( fig. 4 ). Both LG 13 and 15 are known to contain loci responsible for shifts in wing patterning, and LG 13 also contains a gene involved in ommochrome pigment synthesis (vermillion; Jiggins et al. 2005; Baxter et al. 2009 ), however, no yellow was tightly linked to these other patterning or pigmentation loci.
Within D. melanogaster, the yellow-e and yellow-d genes are associated, as are the yellow-g and -g2 genes, but the 
FIG. 3 A cluster of yellow genes is maintained throughout insect diversification. The genomes of Apis mellifera (left), Tribolium castaneum (middle left).
Bombyx mori (middle right), and Drosophila melanogaster (right) were searched for yellow gene orthologues. Putative yellow-like genes are in black and dark gray (transcribed from complementary strand), yellow-MRJP genes are black shaded, and non-MRJP domain containing genes are in mid gray and light gray (transcribed from complementary strand). Scale bar increments are 20 Kb in all species, and all annotated genes within the regions are shown.
A. mellifera yellow-MRJP9 has not been annotated and its position is based on linkage data from (Drapeau, Albert, et al. 2006) . A. mellifera GB16382 has sequence homology to the 3# end of D. melanogaster yellow-h. The yellow-g/-g2 genes have undergone an inversion between A. mellifera and T. castaneum. two are not found within the same chromosome, and neither is linked to yellow-h ( fig. 3 ). Thus, a cluster of yellow genes has been maintained throughout insect evolution despite radical changes in chromosome number (Acyrthosiphon n 5 4, Apis 5 16, Tribolium 5 9, Bombyx5 27, Heliconius 5 21, and Drosophila 5 4) but is partially broken down in D. melanogaster. Examination of genomic sequence from the fungi and amphioxus suggested that there was no clustering of yellow-like sequences outside the insects.
Rates of Yellow Gene Evolution in the Lepidoptera
We have identified highly conserved gene order and at least one case of comparatively recent yellow family duplication within the Lepidoptera (Bombyx and Heliconius yellow-h to yellows -h2 and -h3). Therefore, we sought to determine the evolutionary pressures acting on the lepidopteran yellow gene family by comparing the ratio of nonsynonymous to synonymous nucleotide substitutions (x) for fragments of seven of the nine genes identified from the Heliconius (table 2) . When the lepidopteran tree was examined as whole (''one ratio''), there was a strong signal of purifying selection for all genes, with x ,, 1. Heterogeneity of nucleotide evolution was then tested by comparing the fit of a more complex model with a different ratio of nonsynonymous to synonymous nucleotide substitutions (x) on specified branches (x 1 ) as compared with the rest of the tree (x 0 ) using a likelihood ratio test. Three branches were examined to determine whether there had been significant shifts in selective pressure following the divergence of the moths and butterflies (branch 1, supplementary fig. S2 , Supplementary Material online) or the lineages leading to the two Heliconius clades that exhibit the most wing pattern diversity (branches 2 and 5, supplementary fig. S2 , Supplementary Material online).
Between the butterflies and moths, there was again a very strong signal of purifying selection. The two instances in which a separate branch model fitted the data significantly better than the null model both represented a decrease in x, indicating strengthened purifying selection (table 2, yellows-c and -d). Within the Heliconius, there were six instances in which a branch model was a significantly better fit to the data, and all gave an elevated ratio of nonsynonymous to synonymous nucleotide substitutions (table 2 (þ), yellows -c, -d, -e, and -x), but in no case could we reject a neutral model of evolution in which x 5 1 (table 3). However, in some cases, only a small proportion of the total coding sequence was used in these tests, such that the results should be seen as a preliminary indication of patterns of molecular evolution.
Expression of Heliconius Yellow Genes in Developing Butterfly Wings
The function of most yellow family genes is uncertain, but three (yellow, yellow-f, and -f2) have been linked to pigmentation in D. melanogaster (Han et al. 2002; Wittkopp, Vaccaro, et al. 2002) , and one (yellow-d) results in dark pupal cuticle when overexpressed in B. mori (Xia et al. 2006) . We therefore carried out semiquantitative reverse transcriptase polymerase chain reaction at four developmental stages during pigmentation of the butterfly wing, FIG. 4 Linkage mapping of yellow-c, -d, -e, -h2, -h3, and -x. Linkage maps were generated with F2 genotype data from microsatellites, amplified fragment length polymorphisms, and single copy nuclear loci previously published in (Jiggins et al. 2005) , and with additional markers developed by (Ferguson et al. 2010) and by Jiggins C (unpublished data). (A) Previous work indicates that a quantitative trait locus (QTL) influencing forewing band size and shape localizes to the region around CG_CTGa28 (Baxter et al. 2009 ). yellow-c does not show tight linkage to this QTL or the vermillion gene, which is involved in ommochrome pigmentation. (B) The Yb and Sb loci control the hindwing bar and margin pattern elements in H. melpomene (Ferguson et al. 2010) . None of the yellows are closely linked to Yb/Sb, although yellows-d, -e, -h2, -h3 and are tightly linked on LG15.
Evolution of the Insect Yellow Gene Family · doi:10.1093/molbev/msq192 MBE Pre-ommochrome (PO), Ommochrome Only (OO), Mid Melanin (MM), and Late Melanin (LM); and in three wing regions, two of which are melanic in the adult (proximal and distal) and one of which is not (red band) ( fig. 5 ). Genes were also assayed at two levels of PCR amplification. All genes were initially tested at 40 PCR cycles, and those giving uniform expression across development (yellow, yellow-b, -c, -e, -h3, and -x) were further tested at 30 cycles. Data for the lowest number of cycles only are shown in fig. 5 .
The majority of genes were found to be expressed in all wing regions at all stages. Nonetheless, there were some patterns of expression that correlated with wing pigmentation. Both, yellow-h2 and -h3 were upregulated in the distal region at the OO stage (the first region to develop melanic pigment) and showed almost no expression in the band region of LM wings, implying an association with melanization of the wing. In contrast, yellow-d was clearly upregulated in the band region at the OO stage. The yellow-f4 gene was upregulated in the distal region at the PO stage and proximal region at the OO stage. Thus, expression was associated with pattern but some time before pigmentation. Finally, expression was highly dynamic: When an individual was analyzed at an early stage of ommochrome pigmentation, shifts in expression were observed for yellow, yellow-h2, and yellow-f4 (supplementary fig. S1 , Supplementary Material online).
Discussion
The yellow gene family has been associated with behavior (Dow 1976; Wilson et al. 1976; Burnet and Wilson 1980; Drapeau et al. 2003; Drapeau, Cyran, et al. 2006; Prud'homme et al. 2006) , pigmentation (Han et al. 2002; Wittkopp, True, et al. 2002; Wittkopp, Vaccaro, et al. 2002; Prud'homme et al. 2006) , and sex-specific reproductive maturation (Drapeau, Albert, et al. 2006; Xia et al. 2006) and may also play a role in caste specification and neuronal signaling in honeybees (Kucharski et al. 1998; Drapeau, Albert, et al. 2006) . It has previously been suggested, but considered unlikely, that the origins of the family lie in horizontal gene transfer from insects to a bacterium (Drapeau, Albert, et al. 2006) or from a bacterium to insects (Maleszka R, personal communication; Maleszka 2007) .
Here, we have carried out searches for yellow-like genes from evolutionarily diverse taxa in order to examine the origins of the insect yellow family. We find that the family forms a discrete class of proteins characterized by the presence of an MRJP domain. In some bacterial species, the MRJP domain is nested within a slightly longer predicted 
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-On the majority of branches rates of nonsynonymous to synonymous nucleotide substitution (x) did not vary significantly from the rest of the tree. On a number of branches, however, there was evidence that x varied significantly, being either lower (stronger purifying selection, À) or higher (weaker purifying selection, þ) than the remaining branches on the tree. In the instances where x was higher, these branches were further tested for evidence of positive selection (table 3) . Infinite x ratios (N) arose from an absence of synonymous substitutions. * P values 0.01. NOTE.-Branches whose rates of nucleotide substitution were significantly different from the gene tree were tested for positive selection by comparing the likelihood of the data fitting a model in which x the branch being tested was fixed to 1 (neutral evolution) to a model that allowed x to vary on the branch. In all cases, likelihood ratio tests showed that there was no significant difference between the models, providing no evidence of positive selection. The likelihood ratio statistic is twice the difference in the log likelihood values given in the table. functional domain, COG3386 (supplementary table S1 , Supplementary Material online), which may play a role in carbohydrate metabolism. The vast majority of yellow-like genes recovered from our analysis belonged to the insects or bacteria, but we also identified related sequences in a few noninsect eukaryotic species. A single genomic copy was found in the basal eukaryote N. gruberi and two from the primitive chordate B. floridae. One yellow-like EST was recovered from the crustacean L. salmonis. Multiple yellow-like genes were also predicted from fungal genomes at least some of which may have been present before the divergence of the ascomycetes. The relationships between the sequences identified are both intriguing and surprising. Despite the presence of yellow family clades within both the fungi and bacteria, neither is monophyletic. The N. gruberi protein is also embedded within the bacteria, suggesting that the eukaryotic yellow-like sequences may not have a single evolutionary origin. In contrast, there is strong support for monophyly of the animals (insects, amphioxus, and salmon louse), with the expected evolutionary relationships between these species, albeit with low support.
The taxanomic distribution of yellow family genes within the Metazoa is also surprising however. Despite extensive searches, no other yellow-like genes were identified within other arthropods, representatives of the three clades of Bilateria (Deutrostomia, Ecdysozoa, and Lophotrochozoa), nonbilaterian Cnidaria, primitive metazoans (choanoflagellates, Filasterea, Amoebozoa), or the Archaea. Two hypotheses can account for the observed distribution of yellow-like genes: First, the yellow gene family (or a yellowlike gene) is ancient, having been vertically transmitted throughout eukaryotic evolution and subsequently lost in all the lineages studied except insects and a few other metazoans and second, the animal and bacterial yellow-like genes share a recent evolutionary history and may be related by horizontal gene transfer.
The case for vertical transmission and extensive gene loss within the eukaryotes is supported by the fact that yellow-like genes were found in the genomes of primitive eukaryotes (the fungi and Naegleria) and phylogenetic analysis suggests that within the Bilateria, at least one yellow-like gene may have been present before the divergence of the Deutrostomia (amphioxus) and Ecdysozoa (all other sequences). The presence of a single EST from the salmon louse further suggests that a yellow-like sequence may have been present in the ancestor of the Hexapods (insects) and Crustacea (louse) within the arthropod lineage. Therefore, even excluding basal eukaryotes and taking the divergence of the deuterostomes and protostomes (to which the louse belongs), a yellow-like gene may have been present in animal genomes up to 910 Ma (Blair 2009 ), suggesting a significant history of vertical transmission. In addition, the presence of yellow-like sequences within the fungi is also extremely patchy, as further Blast searches of the genomes and predicted genes from 45 species within the Fungal Genome Initiative (Broad Institute) only identified yellow-like genes from two additional species (Spizellomyces punctatus and Botrytis cinerea), demonstrating that loss of yellow-like gene(s) must have occurred in many species.
An alternative to complete gene loss is sequence divergence such that our search methods were insufficient to detect very distantly related sequences. We note that both the salmon louse and Naegleria yellow-like genes are predicted to encode only a fragment of the MRJP domain, suggesting that in these species, the yellow-like gene has significantly degenerated. It is possible that genes with more extensive degeneration in other genomes may not be well annotated by similarity-based gene prediction tools and therefore could have been missed by Blast searches.
The alternative hypothesis is that the insect yellow family originated through horizontal gene transfer. Although yellow-like genes are present in primitive eukaryotes, phylogenetic analysis indicates that the closest relatives of the animal yellow family are actually bacterial species and in particular, one Geobacillus species (Y4 in fig. 2 ) whose position in tree bootstrap replicates fluctuated between a divergent bacterial clade, the insect yellow-x clade and as an immediate outgroup to the animals. Indeed, this bacterial protein has slightly higher sequence identity with Apis yellow-x (26% amino acid identity) than Apis does between yellow family genes within its own genome (average 22%, fig. 1 ). Therefore, although it is intriguing to find yellow-like genes within nonanimal eukaryotes, there is no reason to suppose that these genes share a common evolutionary origin and phylogenetic incongruence, the strongest indicator of horizontal gene transfer (Keeling and Palmer 2008) , is observed in our data.
Furthermore, the insect yellow-x gene is unique among the Apis and Bombyx yellows in lacking introns, as is the case for three of the five Tribolium yellow-x genes (although Tribolium yellows -g and -g2, the closest relatives to yellow-x in fig. 2 are also single exon). The lack of introns in yellow-x would be expected if the gene had been acquired by the insects from bacteria but would be less likely if the gene had been present throughout eukaryotic evolution.
Finally, there is no evidence of yellow-like genes in the genomes of any animal examined except amphioxus. In the absence of genome sequence, the louse EST should be interpreted with caution. No protein or genomic region in the other animals studied had significant similarity of Apis yellow family genes (e-value cutoff ,0.01), and no Blast hit of any identity contained a predicted MRJP domain, including those in the genomes of the noninsect arthropods Daphnia and Ixodes. These analyses suggest that no similar gene exists in the other species studied, and that the insect yellow family is unlikely to have its origins in another gene from present-day insect genomes. Therefore, although the amphioxus and louse sequences are intriguing, there is not strong evidence for a history of vertical transmission within the animals. Additionally, although within the fungi yellowlike genes cover three of the seven fungal phyla, all except Spizellomyces are contained in the subkingdom Dikarya (Ascomycota and Basidiomycota). Therefore, it is not clear that gene loss throughout the fungi rather than two gains (in Spizellomyces and at the base of the Dikarya) is the simplest explanation for the data, especially as horizontal gene transfer from prokaryotes to fungal genomes is known to be widespread and present in most fungal clades (Marcet-Houben and Gabaldon 2009).
On balance, we therefore suggest that although our data do not rule out extensive yellow family gene loss during eukaryotic evolution, the most likely hypothesis may be that the insect yellow family is most closely related to the bacteria as a result of horizontal gene transfer. This transfer could have occurred significantly earlier within the animals, and further analysis of noninsect animal genomic sequence should be carried out to ascertain the validity of this prediction, as genomes become available.
In terms of the direction of the transfer, compelling evidence is provided by the relative divergence times of the bacteria and animals: whereas the animals (including amphioxus) diverged around 910 Ma, the bacterial species listed in supplementary table S1, Supplementary Material online have divergence dates from 3134 to 2739 Ma (Battistuzzi and Hedges 2009) . Thus, the bacterial lineages are several thousand million years older, indicating that if a horizontal transfer has occurred, the gene is likely to have originated in the bacteria. We suggest that a single yellowlike sequence from bacteria may have given rise to a yellowx-like gene within the animals/insects, which expanded prior to the divergence of the insects by multiple rounds of gene duplication and rapid sequence divergence. Further, as the MRJP domain is nested within a longer COG3386 domain in some bacterial species (supplementary table S1, Supplementary Material online), COG3386 may have degenerated to yield a stable MRJP domain, an event which may have occurred before or after the transfer.
Recent data have shown the retention of functional genes following gene transfer from bacterial species to mosquitoes and aphids (Klasson et al. 2009; Nikoh and Nakabachi 2009; Woolfit et al. 2009 ), suggesting that occasional horizontal gene transfer between prokaryotes and multicellular eukaryotes may play a significant role in eukaryotic genome evolution (Keeling and Palmer 2008; Ros and Hurst 2009 ).
Constraint on Yellow Family Location and Protein Evolution
The early expansion of the insect yellow family and retention of multiple divergent gene duplicates raises the question of how, and why, the family has maintained its identity in the insects. By comparing linkage maps of H. melpomene yellow genes to the genomic position of these genes in other insects, we have demonstrated that a block of yellows containing yellow-g, g-2, -e, -d (-e3 in Apis), and -h has remained largely conserved across all species examined (figs. 3 and 4). In comparison, both around and within the yellow gene cluster, there have been extensive gene rearrangements between species. For example, Bombyx has two further unrelated genes in this region, one of which (BGIBMGA007307) has strong similarity to genes on different chromosomes in Apis, Tribolium, and Drosophila. This highly conserved yellows cluster compares with a genomewide analysis in which, among a core set of 4,632 genomewide, single-copy orthologues, only 21% of genes are retained as pairs between Apis and Tribolium and as little as 4% in comparisons including B. mori (Zdobnov and Bork 2007) . The probability of two random genes remaining associated between three genomes from divergent taxa (e.g., Drosophila, Tribolium, and Apis) is ;1 Â 10 À5 (Zdobnov and Bork 2007) ; therefore, the observed clustering of three to five yellow family genes between Apis, Tribolium, Bombyx and Heliconius is very statistically unlikely. Thus, the yellow genes have remained strongly linked in the face of extensive chromosomal and gene rearrangements even within the yellow gene cluster itself.
Conservation of this yellow gene cluster parallels other highly conserved gene families. Most notably, homeobox transcription factors belonging to the extended Hox, Parahox, and NK families are also highly clustered in at least some species (Brooke et al. 1998; Larroux et al. 2007) Kerner et al. 2009 ). In all cases, these genes have developmental roles in specifying body plan and organ development (Carroll 1995; Brooke et al. 1998; Jagla et al. 2001; Arnone et al. 2006; Bao and Friedrich 2008) . As with the yellow family, there is evidence for extensive rounds of gene duplication leading to large multigene families with extensive sequence divergence following duplication. In addition, there is commonly dispersal of some parts of the family throughout the genome and tightly linked gene clusters in ancestral genomes that have become fragmented in highly derived species such as Drosophila. These gene families also show functionally unrelated genes interspersed within the gene cluster, and transcription from both strands, as seen for the yellow family (Von Allmen et al. 1996; Jagla et al. 2001; Negre et al. 2005; Chourrout et al. 2006; Lemons and McGinnis 2006; Wotton and Shimeld 2006; Negre and Ruiz 2007; Bao and Friedrich 2008; Gillis et al. 2008) .
A number of hypotheses have been suggested as explanations for the maintenance of gene clusters including shared long-range enhancer elements, a requirement for colinear temporal expression, common chromatin regulation, the reduction of transcriptional noise, or the requirement for linkage to a functionally unrelated gene within the cluster (Jagla et al. 2001; Tarchini et al. 2006; Batada and Hurst 2007; Larroux et al. 2007; Siegel et al. 2007; Kerner et al. 2009 ). Although these hypotheses have some support, particularly from vertebrates (Dolle et al. 1989; Simeone et al. 1990; Mann 1997; Garcia-Fernandez 2005) for the majority of gene clusters/species, they remain largely speculative, and the disintegration of clusters in some species may call into question the functional necessity of such close physical associations (Negre et al. 2005 ).
Expression of Yellow Genes in Developing Wings
Lepidopteran wing patterns are a novel derived trait that has played an important role in the spectacular radiation of these insects. We examined the expression patterns of all nine Heliconius yellow genes during wing development ( fig. 5 ) and found that in several cases, expression correlated with developing wing pattern and pigmentation. Most notably, both yellow-h duplicates were differentially expressed in the melanic wing regions during the period when melanin was laid down (MM and LM), suggesting a likely role for these genes in melanization. Future studies should carry out functional tests on these proteins for dopachrome conversion activity (Han et al. 2002) . The yellow-h gene duplication may have occurred on the lepidopteran stem lineage, so it is interesting that both copies show an association with wing patterning. Expression patterns were not identical, however, and therefore expression may have diverged spatially or quantitatively at a number of stages (e.g., PO and MM) following gene duplication.
The expression of yellow-d was surprising in its association with a nonmelanic wing region. This contrasts with Bombyx where yellow-d overexpression correlates with an increase in melanin production (Xia et al. 2006 ) but supports a recent finding that yellow-e upregulation induces white coloration on larval Bombyx (Ito et al. 2010) . One possibility is that Heliconius yellow-d is associated with wing scale cell development, as the red band region cells mature earlier than the melanic regions found on either side. As the processes of melanization and cell sclerotization are linked through the mutual precursor dopa (dopa / dopa-melanin/dopa / dopamine / NBAD / NBAD-sclerotonin), it is possible that yellow family members are involved in multiple steps of the melanization/ sclerotization pathway.
Conclusion
The yellow gene family is a large and diverse group about which very little is currently known. Here, we demonstrate that the insect yellow family is closely related to bacterial yellow-like genes and that radiation of the insect family has been characterized by ongoing duplication and high constraint on protein evolution, suggesting an important functional role during insect diversification. In addition however, members of this gene family play a role in recently derived insect traits such as butterfly wing patterning and caste determination in social insects (Drapeau, Albert, et al. 2006) . Association between yellow family expression and wing pattern is intriguing and provides a starting point from which to characterize the role of these proteins in wing pigmentation and sclerotization. In the future, it would be interesting to determine more precisely whether and when a gene transfer event may have occurred, which sites in the yellow-like genes have been under diversifying and purifying selection, and what forces have led to the maintenance of a yellow gene cluster over hundreds of millions of years of independent evolution in diverse insect lineages.
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